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OFA WINGTWISTEDANDMlfMWI)

FoRUNIFORMLOAD

By JohnC. Heitmeyer

SUMMARY

Resultsofa Win&tunnelinvestigationof thelongitudinalcharac-
teristicsofa wing-bodyconibinationemployinga wingwithleadingedge
sweptback63°are presented.Themodelwing,whichwascamberedand
twistedto supporta uniformloadat a liftcoefficientof 0.25at aw
Machnumberof1.53,hadan aspectratioof3.5anda ta~erratioof
0.25. Lift,drag,andpitching+nomentmeasurementsweremadeinthe
ReynoldsnumberrangefromO.n millionto 3.7millionatMachnumbers

. between1.2and1.53.Theexperimentallydeterminedlif+curveslope
endaerodynamic-centerpositionforthewing-fuselagemodelarecompared
withtheoreticalvalues forthewingalonemodifiedto includethe
effectsof theelasticdeformationofthewing.

ThedataindicatedthatatthelowertestMachnumbers,atwhich
thetrailingedgeofthewingis subsonic,andinthersmgeofReynolds
numbersbetween0.75millionandabout2.0millionviscouseffects
influencedthelif~urve slope,positionoftheaerodynamiccenter,snd
minimumdragcoeffic~enttoa significantdegree.Thedatafurther
indicated,however,thatbetweenReynoldsnumbersofabout2.0million
and3.7millionlittlechaqgein theparametersoccurred.

IC$TRODUCTION

-.
b reference1, itwaspointed&t thattheoreticallifi+dragratios‘.x

of 10 orgreatercouldbe obtainedatmoderatesupersonicspeedsby
sweepingthewingsbackwithintheMachconefromtheapexofthe .

● leading edge. To obtainexpertientaldataforthist~e ofmodelc-
figuration,a gerieralinvestigationof theaerodynamiccharacteristics
ofa ~body ccmibinationemployinga wing

8 63°wasundertakenattheAmesAeronautical

,----—._

withleadingedgesweptback
Laboratory.
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Thepresentinvestigateim andthatofreference2 wereundertaken
to obtainexperimentaldata on thelongitudinalcharacteristicsof a
largmcalemodel;Whereasreference2 considerstheeffectsofMach
number,thepresentreportwillconsidertheeffectsofReynoldsnumiber
on thelongitudinalcharacteristicsofthetwistedandcambered,63°
swep+back,wing-fuselagemodel.
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aerodynamiccenter
meanaerodynamic

wingspanmeasured

NCTATION

measuredat zerolift,percentofthe
chord

perpendiculartoplaneofsymmetry,feet

projectionoflocalwingchordinthewingreferenceplanel
endmeasuredparalleltoplaneof symmetry,feet

(0)p’ C2 ~
meanaerodynamicchord , feet

?
/2 ~w
o

drag coefficient

minimumdregcoefficient

liftcoefficient

slopeof theliftcurvemeasuredat zerolift,perdegree

pitcsoment coefficientreferredto.meanaerodynamic
chordendmeasuredaboutquarte~hordpointof themean
aerodynamicchord

liftAragratio

madangnliftidragratio

Machnumber

-c w=sswe, poundspersquarefoot

Reynoldsnumber,basedonmeanaerodynamicchord

projectedwingareainthewingreferenceplsaeincluding
areaintheregionformedby extendingleadingendtrail-
ingedgestop-e of symmetry,squarefeet

lWingreferenceplaneisdefinedas theplanecontainingtheswept
leadingedgeof thewing. Forthemodelof thepresentinvestigation,
thewingreferenceplanecontainstherootchord,thatis,thewing
chordintheplaneof symnetry.

II

.
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Y distancemeasuredpe-culsr to
wingreferenceplane,feet

3

planeof symmetryinthe

a singleof attackofthewingreference

THEORETICALCONSIDERATIONS

plane,degrees

Thetheoreticalcalculationsof li=urve slopeandpositianofthe
aerodynamiccenterweremadeforthewingaloneandwarebasedanthe
linearizedtheoryof compressibleflow. Withintheorderofaccuracyof
thelineartheory,theliftiurveslopeandpositionoftheaerodynamic
centerareindependentof camberandtwistanddependonlyuponthewing
planform. Themethodsofreferences3 and4 wereused,therefore,to
computethevaluesofI.i.ft+curveslopeandpositianof theaerodynamic
center.

Reference5 has sham that,forhighlysweptwingsasusedinthe
presentinvestigation,theeffectsofelasticdefomnationmaybe sizable
andmustbe consideredwhencalculatingtheli~me slopeandthe
positicmoftheaerodynamiccenter.Thebendingdeflectionis a function
oftheliftofthewingwhichisrelateddirectlyto thesngleofattack“
oftherootsectionandto thedynamicpressure.In thepresentinve+
tigation,themagnitudeoftheeffectof elasticdeformationuponthe
lif&curveslopeandthepositiauoftheaerodynamiccentervaried
throughouttheReynolds?nmiberrange,sincechangesintheReynolds
nuniberwereaccomplishedby changingthedynamicpressureofthetunnel
airstream.

Thetheoreticalvalues-oflift-mrveslopeandpositionoftheaer~
-C centerweremotifiedtoaccountfortheeffectsof theelastic
deformationofthewingat thedifferentdynsmicpressures.An experi-
mentallymeasuredtwistdueto elasticdeformationwasutilizedwiththe
equationsandmethodsof reference5 to calculatetheratiosforthe
elastictorigidwtngof thelifticurveslopeandthepositionofthe
aerodynamiccenter.To determinethetwistdueto elasticitytheangle
of attackof thetipsectionwasmeasuredthroughouttheangl~f-attack
rangeof the-fuselage modelat eachofthetestReynoldsnumbers.
Thedifferencebetweenthemeasuredtipsectionsnglesofattackandthe
geometrictwist(3.52°washout)perunitangleofattackofthemodel
ispresentedinfigure1. Thesenseof thetwistdueto ehsticdefo~
tionisto increasethewingwashoutatanglesofattackabovethesngle
of zerolift.

Thetheoreticalvaluesofthelift-curveslopeandof theposition
oftheaerodynamiccenterdonotincludetheeffectsofthefuselageor
-fuselage interference.
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EXPERIMENTALCCINSIDERATIGNS

Apparatus

NACARM A5OG1O

Windtunnel.- ThepresentinvestigationwasconductedintheAmes
& by 6-f’ootsupersonicwindtunnel.A completedescriptionof thewind
tunnelandof itsflowcharacteristicsisgiveninreference6.

Model.- Themodelofreferenoe2 wasusedinthepresentinvesti-
gationendisshownmountedinthetestsectionofthetunnelinfigure2.
Thedimensionsofthemodelme presentedinfigure3. !l?hewingplan
formhadtheleadingedgesweptback63°,a taperratioof0.3, enden
aspectratioof3.5. SectionsParallel.totheplaneof symmetrywere
composedofNACA64AO~ thicknessdistributionsand a=l.O-typemean
lines,themaximumcamberofwhichweredeterminedby themethodofrefer-
ence1. Thevariationofmaximumcemberwithspanwisestationispre-
sentedinfigure4. Thetheoreticalspanwisetwistasdeterminedby
reference1 wasmodifiedto accountforthetwistduetodeflectionof
thewingunderthedesignloadfora dynamicpressureof 1100poundsper
squarefoot. (Thedynamicpressurecorrespondingtoa Machnumberof *

● 1.53ata tunneltotalpressureof18poundspersquareinchabsolute.)
Thetheoreticaltwistwasfurthermodifiedtoreducethelargetwistat
therootindicatedbytheory.

●

Thevariationof twistofthemodelwith w
spanwisestationisshowninfigure4. Theangleoftwistwasmeasured
withres~ecttothewingreferenceplane.Theincidence,thatis,the
anglebetweentherootchordendthefuselsgecenterlinemeasuredinthe
planeof symmetry,waszero.

Thewingandthefuselagewereccmstructedof steel.Theentire
modelwaspaintedandsandedto a smoothfinish.

Instrumentation.-Thefou&component,stra~age balanceend
methodsof instrumentationof thisinvestigationwereidenticaltothat
describedinreference2.

TestMethods

Range oftestvsriables.-Liftjdrag,endpitchi~omentmeasur~
ments,alongwithbas+pressureread@s, weremadeatReynoldsnmbers
between0.75millionand3.7million,andat testMachnumbersbetween
1.2and1.53.Theangleofattackwasvsriedfrom0°to 10°Inapproxi-
mately1-1/4°increments.Thedynamicpressurevariedfrom150pounds

●

persquarefootat thelowestReynoldsnumberto 800poundspersquzure
footatthehighestReynoldsnmber. .
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Reductionofdata.- Allforcesndmomentcoefficientssrebased
uponthetotalprojectedwingarea,includingtheareaintheregion
formedby extendingtheleadingandtrailingedgestotheplaneof sym-
metry.Thepitchmoment coefficientisbaseduponthemeanaer~
-C chordandreferredtothequarterpointofthatchord.The
Reynoldsnumberisalsobaseduponthemeanaerodynamicchord.

Thewingreferenceplanewasusedas thereferenceforsmgle-of-
attackmeasurements.Nor&l sndchordforcesasmeasuredby thestrain-
gagebalancewereresolvedintoliftanddragforces.

Correctionsto data.-Reference6 indicatesthattheairstreamin
thewtnd-tunneltestsectionhassignificantsxialandverticalpressure
gradients,butthatinthehorizontalcros!+streamdirectionthepressure
gradientisnegligible.Whenthemodelwasmountedwiththewingsve~
tical,theprincipaleffectofthestreamirregularitieswastoproduce
a forceinthelongitudinaldirectionas ithasbeenshownthatsmall
yawanglescausedby theverticalpressuregradienthadnegligibleeffect
uponthelongitudinalcharacteristics.Theforceinthelongitudinal
directionwasobtainedby integratingtheproductof thestaticpressure
andthechangeincros+sectionalsreaof thebodyalongthebodylength.
Itwasshowninreference6 thatthestatic-pressure-coefficientvariation
alongthetunnelcenterlinewasindependentoftunneltotalpressure>and
consequentlythecoefficientformofthedragcorrectionwasthessmeat
allReynoldsnumbers.

Fortheratioof stingdismetertobased@meterused,reference7
indicatesthattheeffectof stinginterferenceisconfinedto a change
inbasepressure.By thesamereasoningusedinreference2, thedragof
themodelwascorrectedby snamountequaltotheproductofthebasearea
=d thedifferencebetweenthemeasuredbasepressureandthefree-stream
staticpressureatthatpoint.

Precisionofdata.-Themsmnerinwhichthefinaluncertaintyin
my quantitywasobtainedisthesameas thatdescribedinreference2,
sincethe~erimentaltechniqueswereidentical.

Thefollowlngtableliststhefinaluncertaintyinthequantitiesat
zerosngleofattackandatthehighestandlowestReynoldsnuiberofthe
investigation:

Qusm.titY I0.75million
Liftcoefficient
Dragcoefficient
Pitchin~oment
coefficients

lmgleof attack
Reynoldsnumber
Machnumber

*0,0025
.0005
.0009
.&o
.03million
.al

3.7million
ko.ooq7
.0002
●0002

.04°

.03million

.01
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RESULTSANDDISCUSSION

GeneralCharacteristics
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Theliftcoefficientasa functionofangleofattackispresented
in”figure~ fortherangeofReynoldsntiiersandMachnumbersinvesti-
gated.Thedataindicatelinearvariationof liftcoefficientwithangle
ofattacktoa liftcoefficientofabout0.2. Abovethisvaluetherate
of changeof liftcoefficientwithangleof attackdecreased.

Pitch~oment coefficientas a functionofliftcoefficientis
presentedinfigure6. Theslopeofthepitchin&nomentcurve,a measure
ofthestaticlmgitudlnalstability,wasconstantto a liftcoefficient
of about0.2. Abovea liftcoefficientof 0.2theslopeof thepltching-
momentcurvewaslessnegative,indicatingdecreasedstaticstability.
Abovea liftcoefficientofapproximately0.4furtherincreaseinlift
coefficientresultedinanunstablevariationofpitchingmomentwith
lift●

Thelossinliftandthedecreaseinstaticstabilityat thelarger
liftcoefficients(CL>0.2) areassociatedwiththespanwiseflawof
theuppe~surfaceseparatedturbulent.boundarylayerontheoutboard
sectionsofthewingnearthetrailingedge.Tuftpicturestekenduring
theinvestigationshowedspanwisefluwoftheboundarylayertobe
presentinthisregion at liftcoefficientsabove0.2at alltestMach
numbersandReynoldsnumbers.

Dragcoefficientandlift-dragratioas functionsofliftcoefficient
arepresentedinfigures7 and8,respectively.Thedataoffigure8
indicatedthat,withintherangeinvestigated,Reynoldsnwiberhadlittle
effectuponthelift-dragratio.

EffectofReynoldsl?uuiber

Theexperimentalandthetheoreticalvaluesof thelift-curveslope
andof thepositionof theaerot@amiccenterasfunctionsofReynolds
numberarepresentedinfigures9 and10,respectively.As notedpre-
ciously,thetheoreticalcurvesarethoseforthewingaloneandforthe
wingconsideredas an elasticbeam. Thetheoreticalvaluesof lifticurve
slopeandpositionoftheaerodynamiccenterfortherigidwingaloneere
indicatedonthemarginsoffigures9 and10,,respectively.

Witha changeinReynoldsnumber,thelift-curveslopeandtheposi-
tionof theaerodynamiccenterweresubjectedto thecombinedinfluenceof
elasticdeformationofthemodelandtoviscosityeffects.Theeffectof
ehsticdeformatiais shownby thedifferencebetweenthetheoretical

.

“

*

w
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valuesoftheelasticwingandthecorrespondingvalueoftherigidwtng.
The&Mferencebetweenthetheoreticalcurveoftheelasticwingandthe
experimentalwimg-fuselagedatais dueinpartto thelimitationsofthe
lineartheory,to-body interference,to thepresenceof thefuse
lage,andto tiscosityeffects.Theeffectsofviscosityupontheld.ft-
curveslopeanduponthepositionof theaerodynsniccentersreindicated,
however,by thevariationwithReynoldsnumberofthedifferencebetween
theexpertientalcurveandtherespectivetheoreticalcurveof theelastic
m.

Lif&curveslope.-Therateof changeof thedifferencebetweenthe
experimentalandthetheoreticalcurveoftheelasticwingindicatesthat
thelift-curveslope,at thelowerMachnumbers,wasmostinfluencedby
viscosityeffectsintherangeofReynoldsnunibersbetween0.75million
andabout2.0million.Thevariationof lift-curveslope,measuredat
zerolift,inthisrangeisbelievedtobe relatedto separationofthe
laminerboundsrykyer in thesteepadversepressuregradientinthe
regionof thesubsonictrailingedge. Reference8 hasshownthatat low
Reynoldsnumbersit ispossiblefortheliftingpressures,intheregion
behindthetrailing-edgeMachline,tobe greaterthanthecorrespcndin.g
liftingpressuresathigherReynoldsnumbers.Withem increasein
Reynoldsnuniber,thesreaof separatedlaminsxboundarylayer”wasreduced
by theonsetofturbulentflowwitha subsequentreductionh lift+xrve
slope.

In theReynoldsnumberrsngefromabout2.0millionto 3.7million,
however,thedifferencebetweentheexperimentalandtheoreticalcurve.
wasnearlyconstant,indicatinglittlechangeinthelift%curveslopedue
to viscosityeffects.Theapparentdecreasein l&&curve slopewith
Reymldsnumberinthisrsnge,shownh figure9, isassociatedwiththe
elasticdeformationof thew5ngmentionedpreviously.

Aerodynamiccenter.—Theaerodynamiccenterat zeroliftas a
functionofReynoldsnuniberispresentedinfigure10. Thevariation
withReynoldsnumberof thedifferencebetweenthetheoreticalandexperi-
mentalcurvesshowninfigure10 indicatesthatviscosityeffectscaused
a forwardmovementoftheexperimentalaerodynamiccenterbetween
Reynoldsnumbersof 0.75millionandabout2.0million.As notedpre
viously,theimfluenceof thesubsonictrailingedgeresultedh higher
liftingpressuresin theregionbehindthetrailin&edgeMachlineat
thelowestReynoldsnumbers(reference8). Theliftingpressuresinthis
regiondecreasedas theReynoldsnu?iberwasincreased,resultinginthe
forwardmovementof theaerodynamiccenter.At a Reynoldsnumberof
about2.0million,theboundarylayerinthisregionhadapparently
becomefullyturbulentandno perceptiblemovementoftheexperimental
aerodynamiccenteroccurredwithincreasedReymoldsnumberup tothe
msximumtestvalueof 3.7million.

Pitching+llomentcoefficientat zerolift.-Theexperimentalresults
(fig.6)showthat,at allthe+$ numbers,thepitching+noment
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coefficientat zeroliftdecreasedintherangeofReynoldsnumbers
between0.75millionandabout2.0million,andremainedessentially

.

unchangedintherangeofReynoldsnumbersbetweenabout2.0million
and3.7million.It isbelievedthatthebehaviorat theluwerReynolds
numbersisrelatedtothelargeareasofseparatedlsminarflow,present
at suchsmallReynoldsnumbers,reducingtheeffectivecamberof thewing
sections.Increas@gtheReynoldsnuniberfrom0.75millionto about2.0
millionreducedtheamountof separation,therebyincreasingtheeffective
csmberof thewingsections,withtheconsequentdecreaseinthepitching-
momentcoefficientat zerolift,

Minimumdragcoefficient.-Themintiumdragcoefficientisplotted
as a functionofReynoldsnumberinfigureH. Thedecreaseinminimum
dragcoefficientastheReynoldsnuuiberwasincreasedfia 0.75minim
to about2.0millionisbelievedtobe relatedtoa decreaseinpressure
dragdueto a reductionintheareaof separatedlam@arflow.This
reasoningissubstantiatedby theliquid-filmstudiesofreference9
whichshowedthattheareaofseparatedflowdecreasedbetweenReynolds
numbersof 0.34millionand0.68million.!l!hisfavorableeffectshould
continueuntiltransitionfron’laminartoturbulentboundarylayerhas
occurredonthewingsurface.Asnotedpreviously,theboundarylayer
‘onthewingsurfacebehindthetrailing+dgeMachlinewasa~ently
~ t~b~~t aboveaReyn.oldsnumberofabout2.0million.Theslight

d

increaseinmhtiumdragcoefficientwhichoccurredabovea Reynolds
numberof about3.0milliona~ared tobe dueto eitherturbulent&ep-
arationnearthetrailingedgeorsn increasein sk~frictiondragdue

.

to thelongerrunofturbulentboundarylayerbroughtaboutby the
transitionpointmovingforwardofthetrailing-edgeMachline. (See
reference10.) ThevsriationofmhximumdragwithReynoldsnaber was,
in general,independentofMachnumber.

Maximumlift-dragratio.-Thevariationofmaximumlift+lragratio
withReynoldsnumberisshowninfigure12. As theMachnumberwas
decreased,thevariationofmaximumlif&dragratiowithReynoldsnumber
becamegreater.Thisisbelievedtobe attributabletothegreater
effectsofviscosityat theluwerMachnumbersassociatedwiththesteep
chordwisepressuregradientswhicha~ar whentheMachlinefianthe
whg trailingedgeextendswellforwardoverthewingsurface.

CONCLUSK)NS

Theresultsoftheinvestigation”oftheeffectsofReynoldsnmiber
onthelongitudinalcharacteristicsofa wi~body confimarationemDlw-
Ingawi~-withleadingedge

1. At eachofthetest
3.7millionReynoldsnuiber,
etersoccurred.

-.
sweptback63°‘tidicated:-

Machnmnbersad
littlechangeb

-7..%

fromabout2.0millionto .
values ofthetestperam-
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2. Thevaluesof thelift+wrveslopeandmhtiumdragcoefficient
decreasedsmdthepositionoftheaerodynamiccentermovedforwardas
theReynoldsnumberincreasedfrom0.75milliontoabout2.0million.

3. Thevariationoflif&curveslope,aerodynami~enterpositim,
andmtntiumdragcoefficientinther~ge ofReynoldsnumbersbetween
0.75millionandabout2.0millioncanbe attributedtothegreater
effectsofviscositywhichmanifestthemselvesintheregionbehindthe
trailing-edgeMachline.

AmesAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

MoffettField,Calif.
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